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The wavelength spectrum of a CW pumped Rhodamlne 6-G organic dye laser
Is observed to shift approximately 150 Angstroms toward shorter wavelengths
when pumped by 30 nsec pulses at a one megahertz repetition rate from a
cavity-dumped Argon laser. Experimental evidence of the shift is presented,
gain and rate equations are developed for a simplified dye laser model, and
theoretical results are obtained for a computer simulation of the experi-
ment. A comparison is made of the theoretical and experimental results and
satisfactory agreement is obtained within the limits of the values of the
parameters used and the assumptions made in formulating the model.
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I. INTRODUCTION
Man's quest for knowledge, inherent curiosity, and need for a tunable
coherent source of light have rapidly advanced the development of the or-
ganic dye laser since stimulated emission was observed from Trivalent
Uranium (a four level laser system) by Sorokin and Stevenson [l] in i960.
Brock, et al. {_2~} in I96I proposed that organic compounds could be
used as a laser medium, but stimulated emission from an organic material
was not observed until I962 when Morantz, White and Wright [_3~] observed
it from benzophenone and napthalene imbedded in a glass matrix. This was
followed in I963 by the observation of stimulated processes from Eu-
benzoylacetonate by Lempicki and Samuelson [*T].
Stimulated emission from an organic dye, however, was not accomplished
until I966 when it was observed by Sorokin and Lankard \_5~] from Chloro-
aluminum phthalocyanine dissolved in ethyl alcohol when pumped by a giant
pulse ruby laser. Sorokin and Lankard L6] also reported in 196? the first
observed stimulated emission from flashlamp pumped Acridine Red, Rhodamine
6-G (the most common dye used in present day organic dye lasers) , and
Fluorescein. Schafer, Schmidt, and Volze \_7~] reported stimulated emis-
sion from several other organic dyes during this same time period while
using the same basic procedure as Sorokin and Lankard \_5~\, and they were
the first to suggest that a dye laser operated on transitions from the
excited singlet state to vibrational levels of the ground singlet state.
The feasibility of a continuous wave dye laser was discussed by
Snavely [8] and was demonstrated by Snavely and Schafer [9] in I969. CW
operation was achieved in 1970 by Peterson, Tuccio and Snavely [lo] and

Hercher and Pike [ll] using an Argon ion laser as the pump source and
Rhodamine 6-G as the organic dye.
The first CW dye lasers were only about one percent efficient. This
has been raised to the present day level of thirty-five percent through
the efforts of several groups of people including Hercher and Pike [l2,
13], Kohn, Shank, Ippen and Eienes [l^, 15~]> and Tuccio and Strome [l6,
*?].
The evolution of the dye laser has seen it constructed in many ways.
The tunable distributed-feedback dye laser built by Shank, Bjorkholm and
Kogelnik [18], the prism-dye laser constructed by Chandra, Takeuchi, and
Hartmann |_19]i and the evanescent-field-pumped dye laser demonstrated by
Ippen and Shank [20] are a few of the many sophisticated methods that
have been used to obtain dye laser emission. The most common dye laser
configuration, however, has the pump and dye laser cavities aligned with
the beams coincident and the dye flowing perpendicular to the pump beam
through a dye cell.
Several uses have been proposed for dye lasers. Bloom L2l] has sug-
gested its use for attenuation measurements on narrow-band absorption
lines in molecular gases, and Sorokin, Lankard, Moruzzi and Hammond [22]
have proposed using the dye laser for optical studies of rare-earth ions,
photochemistry, and double-quantum absorption spectroscopy. The dye la-
ser characteristics which make it exceptionally well suited to the above
uses are its tunable range which can be as much as 1100 Angstroms from a
single dye, and its narrow linewidth which is normally less than 0.5
Angstroms.
Uses for the dye laser which have already been published include in-
frared difference-frequency generation [23], megawatt tunable second
harmonic and sum frequency generation [2^], studies of the Sodium D

resonance lines by high resolution Spectroscopy [_25]i and detection of
OH in the atmosphere [26]. Further uses of the dye laser are limited only
by the interest and ingenuity of man.
In this work it has been observed that the output wavelength spectrum
of a CW pumped Rhodamine 6-G organic dye laser shifts toward shorter wave-
lengths when pumped by short intense pulses from a cavity-dumped Argon
laser. This shift to the green region of the visible wavelength spectrum
is important in that the new spectrum can be matched to the wavelength
response curve of a crystal to produce a tunable dye laser optical memory
system. The new spectrum also provides the opportunity to investigate
laser propagation in blue and green sea water over an appreciable wave-
length range using a single dye.
The purpose of this thesis is to provide experimental results of the
observed spectrum shift, to obtain a computer simulation of a dye laser
model, and to compare experimental and theoretical results. Section II
discusses dye laser theory based on energy level considerations and gives
the development of the dye laser gain and z-ate equations for an assumed
physical model. Section III presents experimental procedures and results
and Section IV discusses the solution procedures and results of the theo-
retical model. Section V provides a comparison of experimental and theo-
retical results and conclusions. The computer program used to solve the
dye laser model is listed in Appendix A.

II. DYE LASER THEORY
A. ORGANIC DYE PROPERTIES
1, Energy Level Description
A typical energy level diagram for an organic dye is shown in
Figure 1. The reference level A is the electronic ground state of the
molecular singlet state S_. S, and S
?
are the first and second excited
singlet states, and T, and T are the first and second excited triplet
states. The small letters a and b indicate molecular vibrational energy
levels and the primed letters indicate molecular rotational energy levels
within a state. The typical separation of vibrational energy levels is
0.1 electron volts and that of rotational energy levels is 0.001 electron
volts \_27~\ so that each state may be viewed as a continuous band of
energy.
2. Dye Laser Process
The dye laser process starts with the excitation of molecules
from level A of S to an upper vibrational or rotational level of S..
.
The excited molecules then decay very rapidly (10 " -10 sec) \^28] by
nonradiative internal conversion to B.
The excited molecule in B has three options. It may decay spon-
taneously to a or a' (called fluorescence), it may undergo a stimulated
transition to a or a' , or it may travel via intersystem crossing to the
lower level of T.
.
Fluorescence depends on the natural lifetime of B. The fluores-
cence spectrum of an organic dye is governed by the Franck-Condon prin-
ciple [29] which states that preferred electron transitions are deter-






Figure 1: Organic dye energy levels.

Stimulated transition to a or a' can occur only if the excitation
pulse is fast and intense enough to create a much larger than normal con-
centration of molecules in S. , called critical inversion, so that coherent
emission may take place from the dye. The critical inversion as well as
the emission wavelength are governed by losses in the dye laser system.
Once the excited molecule reaches a or a' it decays nonradiatively to A.
Intersystem crossing is the least desirable transition for an ex-
cited molecule. The singlet state is characterized by opposite electron
spins and the triplet state by parallel electron spins. As a result,
according to the laws of quantum mechanics, the S. - T. transition is
spin forbidden and is in fact approximately 10 [30]] less probable than
the S. - S_ transition. However, the S, - T, transition does occur and
is significant enough to have an important negative effect on the dye
laser process.
The intersystem crossing rate time constant, k
, , is generally
much smaller than the T, state lifetime, T
,
, therefore, state T. acts as
a time dependent trap for dye molecules. This not only reduces the pos-
sible dye laser efficiency by removing dye molecules from the singlet
system, but also, since the absorption spectrum of the T. - T transi-
tion of an organic dye usually overlaps the dye fluorescence spectrum,
another loss mechanism is added to the dye laser system. S, - S absorp-
tion is possible but it is usually neglected because the fraction of
molecules in S. needed to achieve critical inversion is very small [3ll-
Transitions to A are generally assumed to be from the lowest
level of T,
.
These transitions may be either radiative, called phospho-
rescence, or, as is the situation for most organic dyes, nonradiative.
The longer T is, the faster the dye pumping pulse has to be to excite
10

enough molecules to reach critical inversion before the T. trap prevents
dye laser emission.
The T. trap problem has caused a lot of research to be done to
find substances which will shorten T, via collisions with molecules in
T. . This action is called quenching and two very effective quenching
agents are cyclooctatetraene (COT) and molecular oxygen.
B. DYE LASER MATHEMATICS
1, Dye Laser Gain Equation
The dye laser gain equation is a mathematical statement of the
production and loss rates for photons in the laser cavity. Photons are
produced by stimulated emission from the excited singlet state to the
ground singlet state. Photons are lost by S, - S, and T, - T absorp-
tion and by loss through extrinsic means such as output mirrors, optical
surface scattering, etc. Photon production is also possible by stimulated
emission from the excited triplet state but nonradiative decay is so rapid
from this state to the lower triplet state that this source of photons can
be neglected.
A simplified schematic diagram of a dye laser is shown in Figure
2, L. is the dye cell' length, R, and R are the input and output mirror
reflectivities, T. and T are the dye cell window transmittances, and
n
,
n. , n , etc. are the photon densities at any time at the indicated
positions of a round trip in the laser cavity. This particular cavity
is used as the model for the following derivation of the gain equation.
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The first term on the right hand side of (l) is photon production by-
stimulated emission and the second term is photon loss "by singlet and
triplet state absorption.
Yariv and Gordon [32] have shown that the expression for the tran-
sition rate caused by a monochromatic beam of light of wavelength X is





where N is the population density of the excited singlet state, n(\) is
s
3the number of photons of wavelength \ per cm of active medium, T is the
s
excited singlet state lifetime, n is the index of refraction, and E(\) is
the fluorescence lineshape function normalized so that
oo
r r>/i \ ja nf j. • tj photons emittedS E(X) 6X = $ = quantum yield =
^hotons absorbed
-
An expression for the first term of (l) can now be derived. Since
dn dn dl > dl -,., c
-rr = 3T x -rr and -rr = velocity = =dt dl dt dt J n
e e
where c is the speed of light, it follows that
dn N/E(x)n(0
dl
= ~ TTT" * W
e oncT n
s
The molecular extinction coefficient, which is the absorption
cross-section for a single dye molecule, can be used to write the singlet
and triplet absorption loss per unit length for (l). These terms are
f
, ,




ft,.," n < x > Nt <rtW <5)
triplet
where N and N are the population densities of the ground singlet and








and substitute (3)1 (*0 and. (5) into (l). This yields the total produc-
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total
Separation of variables of (6) and integration over the length of
the dye cell with the boundary conditions that where 1 = 0, n = n, , and





= ni exP[cr e Ns - ^ Nq - <rt N^. (?)
The n's and O" ' s are still wavelength dependent and from Figure 2 it can
be seen that since the paths traveled by photons n, and n
t
. are through
the same medium but in opposite directions that (7) also holds for the
relation between ri/ and n r .6 5
It is obvious from Figure 2 that n. = n»T, , n„ = npT
? ,
n^ - n„R?f






Substitution of these relations
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which is the desired gain equation and is similar to the results obtained
by Snavely [8] and McColgin, et al. [33].
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2. Dye Laser Rate Equations
The dye laser will lase at the value of X where (9) is a maximum.
To find this wavelength it is necessary to solve the state population
density rate equations for the dye laser. These equations are








o - - P(t)H
o
+ (£ -kst)Ns +k (IOC)
N = N + N + N. (10D)
o s t v '
N is the total population density and (10D) is true only for an
enclosed system undergoing no photochemical processes. N
, ,
N , and N are
\j o s
as defined for the gain equation, T and T, are the lifetimes of the
S u
singlet and triplet states, k , is the excited singlet to ground triplet
intersystem crossing rate constant, and P(t) is the optical pumping rate.
There are several assumptions made in writing the rate equations
in the form of (lOA), (10B), (IOC) and (lOD). These assumptions are:
(a) The number of molecules involved in intersystem crossing
from the triplet to the singlet state is negligible.
(b) The molecules initially excited into the first excited
singlet state reach thermal equilibrium in a short time compared to the
pumping time.
(c) Ground triplet to excited triplet state absorption is
not negligible, but the population of the excited triplet state is neg-
ligible because of rapid nonradiative decay.
(d) The dye laser has essentially only three levels. (The
fine vibrational and rotational levels in each main state are neglected.)
15

(e) The effect on state population densities caused by dye
self-absorption of the lasing wavelength is negligible. (There are ap-
proximately two orders of magnitude difference between the absorption co-
efficient for the pumping wavelength and the expected lasing wavelength
so this assumption is not too restrictive.)
(f) The point of maximum gain is reached so fast that the
effect of reduction of the excited singlet state due to stimulated emis-
sion can be neglected. (This assumption has been shown to be realistic
by Atkinson and Pace \_3*f\ and is very true at the onset of lasing; how-
ever, as lasing progresses and photon buildup occurs in the laser cavity
the stimulated emission term can become very significant. The same is
true of the self-absorption term since it also depends on intracavity
power.
)
Equations (9), (lOA), (lOB), and (lOD) are used to evaluate the
dye laser model in a computer simulation in Section IV. Equation (9)»
the gain equation, is used in the discussion of theoretical results to
explain the theoretical time dependent wavelength sweep of the dye laser.
16

III. EXPERIMENTAL PROCEDURES AND RESULTS
A. EXPERIMENTAL SET UP
The apparatus used in generating and measuring the output of the Argon
and dye lasers was set up as shown in Figure 3« A Beck Wavelength Rever-
sion Spectroscope with a single line resolution of approximately four
Angstroms was also used to monitor the dye laser output wavelength.
The "beam splitter indicated in Figure 3 was actually an integral part
of the front end of the Argon laser and is normally used as part of a
power monitoring system. This system was modified so that the Argon la-
ser output pulse could be monitored on an oscilloscope via a photodiode
detector.
The diode detector and power meter were both tested for linearity
and saturation at higher powers than could be expected at their locations
in Figure 3« They both exhibited no signs of approaching saturation and
their deviations from linearity over the testing range were minimal.
The risetime of the Argon laser is normally limited to seven nano-
seconds because of cable transit times, etc. , however, in the particular
set up of Figure 3 the risetime was limited to 12 to 15 nanoseconds be-
cause that was the lower limit of the pulse generator risetime. An ex-
planation of the cavity dump mechanism can be found in Maydan [35]
•
B. EXPERIMENTAL PROCEDURES
The first step in the procedure was the alignment of the Argon laser
cavity dump system. This system consisted of a curved front half-mirror
with vertical and horizontal adjustments, a rear curved mirror with ver-
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with controls to adjust its longitudinal and vertical positions as well
as its angular alignment. All of these controls had to be precisely set
for the cavity dump system to function properly, and the Argon laser
power output and pulse shape had to be constantly monitored because some
of the adjustments were extremely delicate. A slight movement of the
rear mirror adjustments, for example, severely degraded the Argon laser
output pulse and beam mode structure.
The next step in the procedure was the alignment of the Argon and dye
lasers. This was done on a specially designed platform which had perma-
nent hold down clamps for the Argon laser and kinematic mounts for the
dye laser. Alignment of the two lasers was very sensitive and was a
critical part of the experimentation since any nonparall eli sm of the dye
and Argon laser cavities severely reduced the power conversion efficiency.
The Argon laser power supply was set for a current of 30 amperes after
alignment was achieved. With the pulse generator delivering three volt,
thirty nanosecond pulses at a repetition rate of one megahertz to the
cavity-dump rf power supply, the average power output of the Argon laser
was 500 milliwatts. These values and settings were then used as Argon
laser operating reference points and standards for the rest of the ex-
perimentation.
The final step in the procedure was to monitor the output of the
Argon and dye lasers. The Argon and dye laser powers were recorded, the
Argon laser pulse shape was sketched, and the various dye laser wave-




The results yielded some new and interesting properties of the dye
laser. The wavelength of peak output power and efficiency of the cavity-
dumped laser-pumped dye laser was found to occur at a shorter wavelength
than that of the continuous wave laser-pumped dye laser. In addition,
the tuning range of the pulsed dye laser was narrowed.
The normalized output for both the continuous-wave laser pumped and
pulsed-laser pumped dye laser are shown for comparison in Figure l±. The
same dye laser was used to obtain both curves.
A two piece mathematical model which is an excellent fit to the actual
Argon laser output pulse used to obtain the pulsed dye laser curve is
shown in Figure 5» The repetition rate of this pulse was one megahertz.
It was also discovered that as the pulse width driving the cavity-
dumped rf power supply was lengthened the wavelength of peak emission
shifted toward longer wavelength and the laser efficiency decreased. In
addition, for a given pulse width, an increase in the output power of the
Argon laser (accomplished by increasing the current to the Argon laser
power supply) shifted the peak emission wavelength to shorter wavelengths.
The lowest peak wavelength observed was 5^50 Angstroms and the high-
est conversion efficiency obtained was almost thirty percent. This same
dye laser pumped with a continuous wave laser had an efficiency of only
seventeen percent at the peak output wavelength of 5800 Angstroms.
The fluorescence spectrum of the dye in the laser was also measured
by use of a spectroscope with a high intensity white light source. This
spectrum along with the wavelength-power curve of the cavity-dumped laser-
pumped dye laser are compared in Figure 6. It is obvious from this figure
that the peak lasing wavelength for the pulsed pump is approaching the
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A summary of the significant experimental observations is as follows!
(1) The pulsed dye laser wavelength spectrum exhibits a sub-
stantial green shift from the spectrum of the CW pumped dye laser.
(2) The shift increases and approaches the dye fluorescence
curve as the pulse length from the cavity-dumper gets shorter.
(3) The efficiency is greater and the tuning range shorter for
the pulsed dye laser.
2^

IV. DYE LASER MODEL EVALUATION
Experimental results showed that the output wavelength spectrum of
the cavity-dumped laser-pumped dye laser approached the dye fluorescence
curve. The dye laser model of Figure 2 is analyzed in this section
using equations (9)» (10A), (lOB) and (10D), which are the model gain
and rate equations, and the pumping waveform of Figure 5 "to determine if
the spectrum shift can he predicted.
A. LITERATURE SURVEY
The first application of applying rate and gain equations to the dye
laser was made by Sorokin, et al. \_2>S t 22]. Their application assumed a
Gaussian waveform pumping pulse and they attempted to predict the tran-
sient pulse shape of a pulsed Chloro-aluminum phthalocyanine (CAP) dye
laser. They concluded from their results that a rapid pulse risetime
was necessary or triplet state accumulation could prevent dye laser ac-
tion.
The second analysis of Sorokin and his group again assumed a Gaussian
pumping pulse and attempted to predict the efficiency of various dye la-
sers as functions of quantum efficiency and the excited singlet to trip-
let intersystem crossing rate constant (k ,). The results from this work
ST*
yielded the prediction that dye laser efficiency should increase as the
intersystem crossing rate time constant decreased or as the quantum effi-
ciency increased.
A year later, in 1968 f Bass, Deutsch and Weber [37] used the rate
and gain equations to predict lasing frequencies and time to lasing for
Gaussian shaped laser and flashlamp pumped dye lasers. They had
25

experimentally observed that a laser pumped dye laser emitted a shorter
wavelength than when flashlamp-pumped, however, different laser cavities
were used for the two pumping conditions and this led to different pa-
rameters entered in the gain equation and to the conclusion that differ-
ing cavity Q' s accounted for the higher lasing wavelength of the flash-
lamp pumped case.
The following year Bass and Weher [.383 again used dye laser rate and
gain equations. This time they assumed a rather long Gaussian shaped
pumping pulse and included triplet state effects in their discussions.
They still concluded that cavity Q was the main determinant of lasing
wavelength, however, they conceded that determination of lasing wavelength
could be more complex if triplet state effects were significant.
In mid 1970 Keller [39] solved for pseudo steady state solutions to
the rate equations (all time derivatives were set equal to zero) to in-
vestigate the effects of quenching agents on singlet and triplet state
populations. He arrived at the conclusion that a specific quencher for
the triplet state would markedly improve laser efficiency and that a sub-
stance that quenched both singlet and triplet states would usually im-
prove the efficiency.
The next group to use rate equations was McColgin, et al. [33]. They
considered triplet state effects but only under steady state conditions
as is found in some continuous wave dye lasers, and they concluded that
the emission wavelength adjusts itself so that the ratio of mirror losses,
scattering losses, etc. to singlet absorption losses remains approximately
constant.
Pappalardo, Samuelson and Lempicki [*l0] in 1972 used the rate equa-
tions to calculate the efficiency of dye lasers as a function of pump
26

parameters and triplet state lifetime for pump pulses in excess of one
microsecond in duration. They assumed a Gaussian shaped pumping pulse
and predicted that long pulse operation of up to 30 microseconds was fea-
sible for short triplet state lifetimes but that the efficiency would go
down as the pumping pulse was lengthened.
The most recent use of rate equations has been by Strome and Tuccio
Cl7] who used results to improve their original dye laser [16], by Atkin-
son and Pace [_3^~] who used them to calculate the lineshape of a Fabry-
Perot etalon tuned Rhodamine 6-G dye laser, and by Streifer and Saltz
[4l] who used the equations to analyze an acoustooptically tuned dye laser.
B. GAIN AND RATE EQUATION PARAMETERS
The evaluation of the dye laser system rate and gain equations for
a cavity such as the one in Figure 2 requires a lot of physical data.
The actual dye used to obtain the experimental data had a mixture of meth-
anol and water as the dye solvent; however, there is no information avail-
able on the dye in this particular solvent hence physical data available
for ethanol solutions was used. It was assumed that any predictions or
conclusions based on the results would apply to Rhodamine 6-G in the ac-
tual solvent. (The main difference in the solvents is that both the sing-
let absorption and fluorescence spectrum peaks are further in the green
region of the visible spectrum when the solvent is 100 percent ethanol.)
The fluorescence lineshape and singlet absorption cross section of
a 10 Molar solution of Rhodamine 6-G in ethanol are shown in Figure 7.
These curves were obtained by F. Grum of Kodak Research Laboratories and
were reproduced in Reference 8. Snavely [_8~] measured the fluorescence
yield of the dye and obtained a value of $ = 0.83 and the fluorescence
spectrum of Figure 7 is normalized to this value; i.e.
27

S E(\) dX = tf = 0.83.
_ oo
There is no data available on the triplet absorption cross section
for an alcohol solution of Rhodamine 6-G. The only available curve is
shown in Figure 8 which was determined by Buettner [42] using a flash pho-
tolysis technique for Rhodamine 6-G in polymethyl methacrylate.
Several values of singlet and triplet state lifetimes are given in
the literature. The various values given for T are 7-4 nsec in Weber
and Bass [38]] , 4.8 nsec in McColgin, et al. [33] » 7-3 nsec in Snavely and
Peterson [3l]» and 5. 5 nsec in Mack [43]. The reason for the use of dif-
ferent values by the groups mentioned above is due to different measured
values. An average value of 6.3 nsec was used in this analysis because
there were no significant reasons why one value should be preferred.
There are also many values of T, given in the literature, but the best
evidence available suggests that the most reasonable value is 100 nsec.
Keller [39] arrived at this value in his analysis of Oxygen quenching in
an alcohol solution and Snavely and Schafer [9] obtained 100 nsec as a
measured value.
The value of the intersystem crossing rate constant, k
,
, can be de-
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which is found in Snavely [8] and others. The value of 0.84 from Bass
and Steinfeld [44] is the most common value found for and since the
value of 6.3 nsec is assumed for T^, (ll) yields the value of 29.4 nsec
for k , . The fluorescence spectrum of Figure 7 is normalized using ^ =
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The easiest constant to evaluate is N, the total molecular density.
The actual dye solution was 3 x 10 Molar so that
23
_ in
-^ M 1 1 gram-mole 6.023x10 molecules 1 liter
1 Molar-liter gram-mole ,_3 310 cm
which is 1.8x10 molecules/cm . This assumes that the density of the
solvent at room temperature is approximately the same as at the standard
reference temperature.
The values of L, = .1 cm, E, = .995 and the curve of R versus wave-
length were obtained from the manufacturer [4[T). The dye cell windows
were anti-reflection (AR) coated so typical values for AR surfaces of .98
were used for T, and T
.
The remaining constants needed for evaluation of <y (\) are c, the
speed of light, and n, the index of refraction. The value used for the
10
speed of light was 3x10 centimeters/sec and the index of refraction of
the dye solution was approximately 1.33.
The optical pumping rate, P(t), may "be written as cr iVhf where
(j- is the dye absorption cross section for f , the pump frequency, h is
Plancks constant and I is the pump irradiance in watts/cm . The pump






Plancks constant has a value of 6.625x10 sec » The value
1 f\ 9
of 2.37x10 cm obtained from Figure 7 was used for C ,
Pump irradiance can be written as power per unit area. The model of
the pump power as a function of time is shown in Figure 5« The average
power output of the Argon laser was 0.5 watts and the value of 42.7 watts
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There is a problem in defining the effective area and volume in which
the pump beam is absorbed. Jacobs, Samuelson, and Lempicki \_^6~] assumed
uniform pumping in their analysis of losses in a continuous wave dye la-
ser and used the beam waist area as the effective pumped area. At least
some of the Argon laser beam must exit the dye volume before uniform pump-
ing can be assumed [_40j» otherwise the amount of beam penetration into the
dye and the size of the pumped volume cannot be determined. The dye laser
used in the experiment allowed approximately five percent of pump power
to exit the dye cell [45], therefore, uniform pumping was assumed. The




The assumption of uniform pumping is one of the most marginal in dye
laser analysis. The complexities introduced by trying to evaluate mode-
matching of the pump and dye laser beams in the dye cell and nonuniform
excitation of dye molecules, however, makes the assumption practical.
C. GAIN AND RATE EQUATION SOLUTIONS
1. Solution Method
The first step in the theoretical analysis was the solution of
the rate equations for the state population densities as a function of
time. The solution was carried out using a program entitled INTEG1 of
the U.S. Naval Postgraduate School Computer Library. (See Appendix A)
INTEG1 uses a fourth order Runga-Kutta method with programmable step size
changes to achieve the solution to simultaneous ordinary differential
equations. The only modifications made to the INTEG1 program were those
necessary to enable it to handle the wide range of parameter values used
in the rate equations.
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The values of the state population densities were then used to
evaluate the gain equation. This was accomplished by first selecting
values of state densities at a particular time and then evaluating the
gain using the wavelength dependent parameters over a large range of wave-
lengths. The succeeding steps followed the same pattern and this was con-
tinued until the point of maximum gain versus time and wavelength reached
a constant relationship; i.e., the wavelength of maximum gain remained
unchanged with time.
The purpose of evaluating the gain in this manner was that the
lasing wavelength of the laser model should be where the gain is maximum.
This was then compared to the dye fluorescence spectrum to see where the
lasing wavelength was in relation to the peak wavelength of the spectrum.
The last step was to predict where the experimental laser should
lase based on the theoretical comparison and the fluorescence spectrum
of the experimental dye. Theoretical and experimental results should a-
gree if theory was sound,
2. Theoretical Results
A graph of the peak gain wavelength versus time is shown in Fig-
ure 9. It can be seen from the figure that lasing starts at the longer
wavelengths and sweeps toward the shorter wavelengths. Figure 9 also
contains a graph of the ratio of triplet state population to ground sing-
let state population (N,/n ) versus time.
*L O
The results of evaluation of the gain versus wavelength at steady
state is shown in Figure 10. It can be seen that the peak wavelength
(5570 Angstroms) corresponds to the peak wavelength of the Rhodamine 6-G
fluorescence curve of Figure 7.
The results displayed in Figure 9 and the gain equation, equation


























Theoretical normalized gain versus wavelength
for Rhodamine 6-G dye laser model.
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laser wavelength sweep. The two wavelength dependent losses in the gain
equation are caused "by singlet and triplet absorption. The ratio of N,/
N at the onset of lasing is very small indicating domination of the sing-
let state absorption loss. (Singlet absorption is associated with N and
triplet absorption with N,
.) Figure 7 shows that singlet absorption is
greatest for shorter wavelengths, hence there should be a tendency for
long lasing wavelengths at the onset of lasing.
As pumping continues the ratio of N,/N becomes greater. This
~D O
indicates that as time passes there should be a tendency for triplet ab-
sorption losses to dominate. Figure 8 shows that triplet absorption is
greater at the longer wavelengths (up to 6000 Angstroms which is within
the lasing range of Ehodamine 6-G) and, therefore, the dye laser should
end up lasing at wavelengths closer to the peak of the dye fluorescence
curve. (The above statements are true in this case for the specific
pulse model of Figure 5. Pulses of different shape, duration, and inten-




A. EXPERIMENTAL AND THEORETICAL COMPARISON
The theoretical analysis predicted that for the pumping pulse model
of Figure 5 a^d after a wavelength sweep of very short duration the dye
laser would lase at or near the peak of the dye fluorescence spectrum.
It was observed experimentally that the dye laser lased approximately 50
Angstroms from the peak of the dye fluorescence curve in the pulsed case
(Figure 6) rather than 200 Angstroms as in the continuous wave pumped
case (Figures 4 and 6). It may be concluded, therefore, that theory and
experimentation are in agreement within the limits of the assumptions
made in the study.
The variable of least confidence in the entire analysis was the ex-
perimental dye fluorescence curve. The peak of the fluorescence curve
for Rhodamine 6-G in an ethanol solution is typically about 5570 Angstroms
[8] and in a water solution is about 5750 Angstroms [46], The actual
solvent was determined by nuclear magnetic resonance measurements to be
approximately two-thirds water and one-third mathanol. This should have
caused the fluorescence peak of the dye to be somewhere around 5&60 to
5700 Angstroms which is much closer to the observed peak wavelength than
the 5600 Angstrom peak of the fluorescence curve of Figure 6. One ex-
planation for the difference between the measured and expected fluores-
cence peaks is the fact that the spectrometer calibration curve used to
measure the experimental dye fluorescence spectrum had a steep slope and




The decrease in efficiency of the dye laser as the pulse length was
widened can he explained very simply in terms of the rate equations.
The lengthening of the pulse decreased the peak power of the pumping
pulse which in turn caused a longer time to reach the onset of lasing.
As a result, the triplet state had more time to "build up and extract mol-
ecules from the singlet lasing system - efficiency had to decrease.
There are several things which hinder the analysis of the dye laser.
There is not much data available on dye properties in various solvents
and the properties of the triplet state are still pretty much unknown.
There is also a lot to be learned about the effects of thermal heating
and nonuniform pumping of the dye and no one as yet has begun to inves-
tigate the effect of chemical reaction and relaxation rates on the dye




DYE LASER RATE EQUATION COMPUTER PROGRAM LISTING
The computer listing on the following pages contains the program for
the solution of the dye laser rate equations. The main part of the pro-
gram is SUBROUTINE INTEG1 and the comments preceding its operational
statements completely describe its use. The rate equations in the pro-
gram correspond to equations (lOA), (lOB) and (10D) of Section II. The
data cards used in the actual solution and described in the usage com-
ments of INTEG1 are located at the end of the listing.
INTEG1 had to he modified to some extent so it could handle a wider
range of parameter values than was originally allowed. These modifica-
tions included input and output format and an increase in the number of
allowed integration steps and pages of output, but no changes were made
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